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The knowledge of the sea surface emissivity can be used to design passive and active
microwave sensors for ocean remote sensing applications. In this study, the variability of
vertical and horizontal polarizations of Fresnel emissivity over the Persian Gulf water at
5 GHz in a nadir-viewing direction are investigated by using Fresnel's equations. Data sets
used to compute Fresnel reflection coefficients were provided from our previous studies on
hydrodynamic and electromagnetic properties of Persian Gulf water. The calculations
indicated that spatial variability of Fresnel emissivity for both vertical and horizontal po-
larizations were relatively large compared to its temporal variability. The annual domain-
averaged mean for vertical emissivity at the C- band was 0.3914, whereas for the horizontal
polarization of the emissivity, it was 0.3645 in a nadir-viewing direction.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Surface emissivity is the ratio of radiation, which is defined as
power flux density per solid angle, emitted by a surface to the
theoretical blackbody radiation predicted by Planck's law.
Traditionally, the sea surface emissivity E has been modeled
as the sum of a specular emissivity E0 (based upon the Fresnel
power reflection coefficient) plus an additive rough surface
emissivity DErough that has been empirically determined such
as in Stogryn (1967),
E ¼ E0 þ DErough (1-1)
The emissivity of the specular ocean surface E0 which is
usually known as Fresnel emissivity, is by far larger than
rough surface emissivity DErough. The smooth water emissivity
E0 is determined using the principal of the conservation ofgyptian Society of Radiat
iety of Radiation Sciences
icense (http://creativecomenergy at the air/sea interface. This emissivity depends on
Fresnel power reflection coefficient, which is a function of the
polarization of the electromagnetic (EM) wave, the direction of
propagation (incidence angle), and the complex permittivity
of seawater. Since the ocean surface is a boundary interface, a
calm ocean with negligible wind speed results in specular
reflection where the Fresnel formulas describe the reflection
and emission. As wind blows over the ocean surface, small-
scale capillary waves form and the surface roughness in-
creases, which leads to change in the reflection and emission
characteristics as a function of the surface wind speed. His-
torically, these have been modeled as an additive emissivity
term (Hollinger, 1971; Stogryn, 1967; Wentz, 1975; Wilheit,
1979), which depend upon the drag force of the surface wind.
Knowledge of emissivity to an accuracy of order 103  104
is required to retrieve physical parameters from brightnession Sciences and Applications.
andApplications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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ocean remote sensing is that surface emissivity affects the
magnitude of two brightness temperature components of
the radiative transfer model, namely, the calculation of the
reflected down-welling atmospheric emission and the
emission from the ocean surface (EL-Nimri, 2010).
The Persian Gulf is one of the world's most important wa-
terways, and it is crowdedwith ship traffic. During peakperiods
60%of theworld'soil transport comes fromthis region.Thehigh
volume of ship traffic combined with extensive bottom trawl
fishingmake this region very risky formoored instrumentation
and any field measurements from a ship would be extremely
difficult to interpret. As a result, numerical calculations is an
essential tool for the study of the physical oceanography of this
region. The Persian Gulf is a shallow and evaporative seawith a
mean depth of about 35 m and is connected to the Oman Gulf
through the narrow Strait of Hormuz (Fig. 1). Due to the vast
excess of evaporation over the precipitation plus river runoff,
one of the most saline water masses in the world ocean is
formed in the Persian Gulf. The salinity in the Persian Gulf ex-
periences dramatic spatial and temporal variations
(Hassanzadeh, Hosseinibalam, & Rezaei-Latifi, 2011). The study
of electrical parameter of the saline water with variable salinity
will give useful input for designing the passive and active mi-
crowave sensors (Calla, Ahmadian, & Hasan, 2011).
In this work, the Fresnel emissivity of the surface layer of
Persian Gulf water has been calculated by using Fresnel for-
mulas and numerical modeling for both vertical and hori-
zontal polarization at nadir. Since the Fresnel reflection
coefficients are function of the complex dielectric constant, I
have applied the Ellison et al. model to its estimate at 5 GHz
(Ellison et al., 1998, 2003). The salinity and temperature data
needed for the model were provided by using a 3-D numerical
model described in our previous papers (Hassanzadeh et al.,
2011; Hosseinibalam, Hassanzadeh, & Rezaei-Latifi, 2011).
The rest of this paper is organized as follows. In Section 2
the materials and calculation method of emissivity isFig. 1 e Bathymetry and mpresented. The results of calculating Fresnel emissivity of the
Persian Gulf water for vertical and horizontal polarizations are
analyzed in Section 3. The last section provides the
conclusion.2. Materials and methods
As mentioned at previous section, at given frequency the sea
surface emissivity E can be modeled with a specular part E0
and a part caused by ocean roughness DErough:
E ¼ E0ðT;S; qÞ þ DErough (2.1)
Furthermore the emission for a rough ocean surface is
subdivided into two parts:
a. Emission due to small-scale ocean wave generated by the
action of the wind frictional velocity, and
b. Emission due to sea foam on the surface.
The contribution of smooth surface emission E0 is by far
the largest part. It depends on sea surface temperature T, sea
surface salinity S, earth incidence angles qi and polarization
P¼V, H. The focus of this study is on first term and here the
spatial and temporal variability of smooth surface emissivity
(Fresnel emissivity) E0 is investigated. The E0 is determined by
the complex dielectric of sea water ε through the Fresnel
equations (Meissner &Wentz, 2012):
E0p ¼ 1
rp
2; p ¼ v;h (2.2)
rv ¼ ε cosðqiÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε sin2ðqiÞ
p
ε cosðqiÞ þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε sin2ðqiÞ
p (2.3)
rh ¼
cosðqiÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε sin2ðqiÞ
q
cosðqiÞ þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε sin2ðqiÞ
q (2.4)ap of the Persian Gulf.
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permittivity of Persian Gulf water εðn;T; SÞ were calculated by
the Ellison et al. (1998) experimental model. According to this
model for frequencies n in the range of 2  n  20 GHz, the
permittivity of seawater εðn;T;SÞ ¼ ε'  j ε'' is given with a pre-
cision of approximately 1% by:
ε
0 ¼ ε∞ðT;SÞ þ ε0ðT;SÞ  ε∞ðT;SÞ1þ 4p2y2t2ðT; SÞ (2-5)
ε
〞ðy;T; SÞ ¼ ðε0ðT;SÞ  ε∞ðT;SÞÞ2pytðT;SÞ
1þ 4p2y2t2ðT;SÞ  1024 þ
sðT;SÞ
2pε*y
(2-6)
where n is the frequency in hertz and ε* ¼ 8:8419  1012 F/m.
ε0 and t are calculated as follows:
ε0ðT;SÞ ¼ a1ðTÞ  Sa2ðTÞ (2-7)
tðT; SÞ ¼ b1ðTÞ þ Sb2ðTÞ (2-8)
Ellison et al. were calculated the coefficients ai and bi for
i ¼ 1, 2 by a least squares regressions analysis (Ellison et al.,
1998, 2003).
Salinity and temperature data needed for calculating the
complex permittivity at C- band were provided from our pre-
vious work (Hassanzadeh et al., 2011; Hosseinibalam et al.,
2011). These data were simulated by using a 3-DFig. 2 e Comparison between the simulated and observed salinihydrodynamic numerical model and validated by limited
direct measurements in the Persian Gulf (see next section).3. Validation of salinity and temperature
Fig. 2 shows a comparison between the simulated surface
salinities and their observed counterparts published by
Reynolds (1993) during the winter and summer. The model
predictions of the salinity spatial distribution in winter and
summer have very good agreement with Reynolds' data. For-
mation of high salinity waters (>41) predicted by the model in
the southern shallow regions near the UAE are verified by
limited field measurements within this region during the
winter.
A comparison between the simulated surface temperature
and observed counterpart in winter as reported by Reynolds
(1993) is shown in Fig. 3. The results of the numerical model
in the southeastern are in good agreement with the field
observation. However, at the northwest area the field mea-
surement is slightly lower than the simulated temperature.
This discrepancy is due to unusual atmospheric conditions
when the temperature was measured. The winter of 1991e92,
when the field measurements were taken, was one of the
coldest registered in that area of the world. In February of thatty (psu) in winter and early summer at the water's surface.
Fig. 3 e Comparison between the simulated and observed temperatures (Reynolds, 1993) in winter.
Fig. 4 e Spatial distribution of vertical polarization of Fresnel emissivity E0v at 5 GHz in a nadir-viewing direction over the
Persian Gulf water.
J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 1 3 1e1 3 8134
Fig. 5 e Spatial distribution of horizontal polarization of Fresnel emissivity E0h at 5 GHz in a nadir-viewing direction over the
Persian Gulf water.
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people's recollections and Turkey recorded extensive cold and
snow. The winter temperatures in northern RSA were 4e5 C
colder than normal, with a reading of almost 14 C in the far
north (Reynolds, 1993). These low temperatures were sus-
pected to be an important reason for the weak agreement
between the observed and simulated temperatures in the
Persian Gulf northwestern area. A more detailed comparison
between numerical simulation output and field observation
was given in my recent paper accepted at journal of “Applied
mathematical modelling” (Rezaei-Latifi, 2015).Fig. 6 e Time series of domain-averaged vertical Fresnel4. Results
The calculations indicated that spatial variability of Fresnel
emissivity for both vertical and horizontal polarizations is
relatively large compared to its temporal variability (Figs. 4e7).
The annual domain-averaged mean for vertical emissivity at
the C- band was 0.3914, whereas for the horizontal polariza-
tion of the emissivity, it was 0.3645 in a nadir-viewing direc-
tion. It should be noted that at off-nadir the difference
between vertical and horizontal component of Fresnelemissivity E0v at 5 GHz in a nadir-viewing direction.
Fig. 7 e Time series of domain-averaged Horizontal Fresnel emissivity E0h at 5 GHz in a nadir-viewing direction.
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indicated the values of 0.5659 and 0.2391 for the vertical and
horizontal polarizations at incidence angle of 53, respec-
tively. The vertical Fresnel emissivity E0v increases from
south toward north and varies from0.390 at the shallow banks
off the United Arab Emirate (UAE) to 0.392 along the Iranian
coasts. The minimum values of E0v were located over the
southern region along the UAE and Bahrain coasts. The
maximum values reached 0.394 over the northwestern end of
Persian Gulf.
The Spatial variability pattern of emissivity horizontal
polarization E0h is similar to its vertical counterpart and varies
from 0.363 at southern shallows to 0.365 at northern deep areaFig. 8 e Surface salinity distribution inalong the Iranian coasts. The value of E0v in a nadir-viewing
direction is more than E0h over all parts of the Persian Gulf
water (Figs. 4 and 5). The downward-looking Fresnel emis-
sivity at 5 GHz from north to south and from west to east
gradually increase for both polarizations and their variability
in direction of south to north are relatively stronger.
The spatial distribution of emissivity is almost steady over
the OmaneIran shelf and the western approach to the Hor-
muz Strait. This is associated with the relatively uniform
conditions of surface temperature and salinity at this area. In
addition, the values of emissivity E0v and E0h are relatively
high mostly due to the presence of low-salinity surface water
of Indian Ocean within this region during the year.unit of psu over the Persian Gulf.
Fig. 9 e Surface temperature distribution in unit of Celsius over the Persian Gulf.
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emissivity is only related to complex permittivity. On the
other hand, the permittivity of ocean water is a function of
temperature, salinity and microwave frequency. Therefore,
variability pattern of Fresnel surface emissivity in a nadir-
viewing direction at C- band depends on spatial and tempo-
ral distribution of surface salinity and temperature of Persian
Gulf water. Figs. 8 and 9 show the spatial distributions of
salinity and temperature over the Persian Gulf, respectively.
High salinities, are formed along the BahraineQatar shelf and
behind the shallow banks off the UAE. Low-salinity water is
found mostly along the Iranian coasts that reach farther into
the Gulf during spring than during winter and summer. The
Indian Ocean Surface inflow forms a low-salinity wedgeFig. 10 e Time series of difference between vertical and hintruding eastward into the Gulf along the southern Iranian
coasts. The salinity gradually decreases from southern
shallow areas toward northern deep parts. Contrary to the
salinity, at the most parts of the Gulf the annual mean of
surface temperature from south to north increases. Since
based on theoretical and experimental studies (Blanch &
Aguasca, 2004; Gadani, Rana, Bhatnagar, Prajapati, & Vyas,
2012; Joshi, Deshpande, & Kurtadikar, 2012) for given fre-
quency, the real part of water permittivity usually decreases
with increase in salinity and conversely increases with
increasing temperature, it could be expected that the real
permittivity increases from south to north at the Gulf.
Furthermore, these studies show that imaginary part of
permittivity increases with increasing each of salinity andorizontal polarization of emissivity E0v  E0h at nadir.
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temperature, we expect the imaginary part of permittivity
from south to north decreases. This predictions are in agree-
ment with permittivity analysis in the Persian Gulf (Rezaei-
Latifi, 2015).
Annual mean of Fresnel emissivities over the Persian Gulf
are minimum values during JanuaryeDecember and then
gradually increase until reach maximum values in MayeJuly
(Figs. 6 and 7). The main reason for low emissivities on these
months are winter cooling and the salinity increase of surface
water. Of note, the surface Gulf waters are saltier in winter
than in summer, which has puzzled physical oceanographers
for many decades. The different reasons such as the decrease
in inflow of low-salinity surface water from the Indian Ocean
(<37) into the Gulf and the action of lateral and vertical mixing
eddies generated by wind force and thermohaline fluxes
during the winter have been suggested for this unusual
occurrence. Furthermore, the solar heating and inflow peak of
low-salinity surface water due to seasonal changes in sea
surface slope driven by variations in evaporation rate are
main reason to findmaximumvalues of emissivities on spring
and summer. The vertical and horizontal polarizations have
minimum of 0.3910, 0.3640 and maximum of 0.3918, 0.3649,
respectively. Fig. 10 indicates the difference between vertical
and horizontal emissivity at nadir. This difference according
to variation pattern of absolute value of permittivity attains
minimum and maximum values in winter and summer,
respectively (Rezaei-Latifi, 2015).5. Conclusions
knowledge of emissivity to an accuracy of order 103e104 is
required to retrieve physical parameters from Remote sensing
measurements. At given frequency the sea surface emissivity
E can be modeled with a specular part E0 (Fresnel emissivity)
and a additive part caused by ocean roughness DErough. The
contribution of smooth surface emission E0 is by far greater
than ocean roughness DErough . It depends on sea surface
temperature T, sea surface salinity S, earth incidence angles
qi. Here, the Fresnel emissivity over the Persian Gulf were
calculated by using Fresnel formulas and data obtained from
experimental and numerical modeling.
The calculation showed that vertical Fresnel averaged-
domain emissivity E0v with annual mean of 0.3914 increases
from 0.390 at the shallow banks off the United Arab Emirate
(UAE) to 0.392 along the Iranian coasts. The Spatial variability
pattern of emissivity horizontal polarization E0h is similar to
its vertical counterpart and it with annual mean 0.3645 varies
from 0.363 at southern shallows to 0.365 at northern deep area
along the Iranian coasts.
The minimum values for both vertical and horizontal po-
larizations of emissivity at 5 GHz in a nadir-viewing direction
were found in winter months due to winter cooling and the
salinity increase of surface water. The emissivity components
reach maximum value in spring and summer. The solar
heating and inflow peak of low-salinity surface water due to
seasonal changes in sea surface slope driven by variations inevaporation rate are main reason to find maximum values of
emissivities on these seasons.r e f e r e n c e s
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